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OBJECTIVE—Previous studies have noted a specific associa-
tion between type 1 diabetes and insufficient levels of vitamin D,
as well as polymorphisms within genes related to vitamin D
pathways. Here, we examined whether serum levels or genotypes
of the vitamin D–binding protein (VDBP), a molecule key to the
biologic actions of vitamin D, specifically associate with the dis-
order.

RESEARCH DESIGN AND METHODS—A retrospective,
cross-sectional analysis of VDBP levels used samples from 472
individuals of similar age and sex distribution, including 153
control subjects, 203 patients with type 1 diabetes, and 116 first-
degree relatives of type 1 diabetic patients. Single nucleotide
polymorphism (SNP) typing for VDBP polymorphisms (SNP
rs4588 and rs7041) was performed on this cohort to determine
potential genetic correlations. In addition, SNP analysis of a sec-
ond sample set of banked DNA samples from 1,502 type 1 diabetic
patients and 1,880 control subjects also was used to determine
genotype frequencies.

RESULTS—Serum VDBP levels were highest in healthy control
subjects (median 423.5 mg/mL [range 193.5–4,345.0; interquartile
range 354.1–586]), intermediate in first-degree relatives (402.9
mg/mL [204.7–4,850.0; 329.6–492.4]), and lowest in type 1 diabetic
patients (385.3 mg/mL [99.3–1,305.0; 328.3–473.0]; P = 0.003 vs.
control subjects). VDBP levels did not associate with serum vita-
min D levels, age, or disease duration. However, VDBP levels were,
overall, lower in male subjects (374.7 mg/mL [188.9–1,602.0; 326.9–
449.9]) than female subjects (433.4 mg/mL [99.3–4,850.0; 359.4–
567.8]; P , 0.0001). It is noteworthy that no differences in
genotype frequencies of the VDBP polymorphisms were associated
with serum VDBP levels or between type 1 diabetic patients and
control subjects.

CONCLUSIONS—Serum VDBP levels are decreased in those
with type 1 diabetes. These studies suggest that multiple compo-
nents in the metabolic pathway of vitamin D may be altered in
type 1 diabetes and, collectively, have the potential to influence
disease pathogenesis. Diabetes 60:2566–2570, 2011

V
arious pathways and characteristics of vitamin D
metabolism, such as vitamin D analogs and
polymorphisms in the vitamin D receptor, as well
as genes encoding specific vitamin D enzymes,

recently have been associated with type 1 diabetes (1). For
example, reduced serum vitamin D concentrations have
been noted for those with type 1 diabetes (2–4), but the
disease specificity ascribed to these reductions recently
has been questioned (5). Indeed, vitamin D deficiency does
not seem to be an uncommon event (6). Vitamin D therapy
(active form) can modulate the development of disease in
the nonobese diabetic (NOD) mouse model of autoim-
mune diabetes (7,8), and a variety of trials have tested
whether vitamin D supplementation has the capacity to
modify the development of this disease (2). To that ques-
tion, a meta-analysis of trials seeking such a therapeutic
benefit suggests that vitamin D supplementation can re-
duce disease risk (9,10).

This said, despite our current understanding of the vi-
tamin D pathway, including its capacity to modulate the
immune system (6), the causal relationship between im-
paired vitamin D constituents and the development of type
1 diabetes remains uncertain. This is largely attributed to
the intricate nature of vitamin D metabolic processes, as
well as the extensive biological effects exhibited by its
components. Therefore, understanding the influence of the
vitamin D pathway on the pathogenesis of type 1 diabetes
requires a systematic examination into the distinct roles of
its various components.

One essential component of the vitamin D pathway is
the polymorphic vitamin D–binding protein (VDBP), also
known as group-specific component (Gc). Aside from its
main function of vitamin D transport and preservation,
VDBP has been shown to scavenge actin, bind fatty acids,
activate macrophages, stimulate osteoclasts, enhance the
chemotactic activity of C5-derived peptides, and associate
with immune cell surfaces, such as T and B cells (11). Even
after ligand binding, 98–99% VDBP binding sites remain
unoccupied, which suggests a function beyond vitamin D
transport (11). Although several studies have associated
specific VDBP gene polymorphisms with the presence of
diabetes (i.e., type 1 and type 2 diabetes) (12,13), we sought
to confirm this association and identify differences in VDBP
levels in patients with type 1 diabetes.

RESEARCH DESIGN AND METHODS

Banked serum samples from a total of 472 individuals in Florida who partic-
ipated in studies on the natural history of type 1 diabetes were grouped into the
following cohorts: control subjects (n = 153, mean age 22.7 years, SD 11.1; 68
[44%] were male, and 141 [92%] were white); patients with type 1 diabetes (n =
203, mean age 16.9, SD 8.8; mean disease duration 4.0 years, SD 6.7; 107 [53%]
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were male, and 183 [90%] were white); and first-degree relatives of those with
type 1 diabetes (n = 116, age 26.7 6 16.8 years, 57 [50%] were male, and 91
[80%] were Caucasian). Of this study group, DNA from 53 control subjects, 81
patients, and 38 relatives were further analyzed by single nucleotide poly-
morphism (SNP) genotyping for VDBP polymorphisms (SNPs rs4588 and
rs7041). Previously banked DNA samples from a second study cohort con-
sisting of 1,502 patients and 1,880 healthy control subjects, collected at the
Georgia Health Sciences University, obtained from a national population from
the U.S., also were genotyped. All samples were collected under informed
consent with the approval of the University of Florida and Georgia Health
Sciences University’s institutional review boards.
VDBP levels. VDBP levels were quantified in duplicate with a commercial EIA
kit (Alpco; Salem, NH) using 10 mL of banked serum from each subject. Levels
of VDBP were interpolated from a standard curve after reading the absor-
bance on an M5 Spectramax plate reader using Softmax Pro 4.8 software
(Molecular Devices, Sunnyvale, CA). The intra- and interassay coefficients of
variation for this assay were 5.0 and 12.7%, respectively. The published normal
reference range for VDBP levels is 300–600 mg/mL (11). Correlation analysis
also was performed for a subset of the VDBP serum samples (n = 386), which
had previously been measured for 25-OH vitamin D levels (5). This subset
included 152 control subjects, 141 type 1 diabetic patients, and 93 first-degree
relatives.
SNP genotyping methods. For the initial Florida dataset, 200 ng of genomic
DNA were used to amplify an 809-bp fragment with primers 59-CAAGTCT-
TATCACCATCCTG-39 and 59-GCCAAGTTACAATAACAC-39, as previously
published (12). The amplicons were gel-purified using the Gene Clean Turbo
kit (MP Biomedicals; Aurora, OH) to ensure no inhibition of restriction
enzymes. For verification of the rs4588 and the rs7041 SNPs, PCR products
were digested with StyI and HaeIII, respectively, and the genotypes were
determined by gel electrophoresis on a 1.5–2% agarose gel. For the dataset
collected under the auspices of the University of Georgia, the SNPs were
genotyped using TaqMan PCR genotyping, with modifications, as previously
described (14). All primers and probes used in this study were designed and
validated by Applied Biosystems (Foster City, CA). Amplification reactions
were performed in a 5-mL final volume in optical 384-well plates. PCR was
carried out with 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at
95°C and 1 min at 60°C using an ABI 9700 real-time PCR system (Applied
Biosystems). To validate the TaqMan assays, five SNPs also were genotyped
using standard amplified restriction fragment–length polymorphism analysis.
Statistical analysis. Analysis of multiple, unpaired group comparisons was
achieved using the nonparametric Kruskal-Wallis test. The Dunn post-test was
used for multiple testing corrections if the Kruskal-Wallis test was significant.
The association of age and disease duration with VDBP levels was analyzed by
linear regression. To determine the relationship between VDBP levels and sex,
the nonparametric Mann-Whitney test was used. All analyses were performed
using Prism software, version 5.00 (GraphPad Software, Inc., San Diego, CA).
The association between each VDBP SNP and type 1 diabetes was assessed by
calculating the odds ratios (ORs) separately for each genotype, as well as for
total allelic frequency (i.e., heterozygous and homozygous minor allele com-
bined). The Pearson x2 and Fisher exact tests were used to test the differences
in genotype and allele (respectively) distribution between patients and control
subjects. Statistical significance was defined as P , 0.05. We used the Breslow-
Day test to examine heterogeneity in the ORs between subsets stratified for age
at onset, sex, and HLA risk status. Hardy-Weinberg equilibrium of the genotypic
frequencies among case and control subjects was examined separately.

RESULTS

Levels of serum VDBP associated with type 1 diabetes.
Serum VDBP levels for the three study groups were as
follows: healthy control subjects (median 423.5 mg/mL
[range 193.5–4345.0; interquartile range 354.1–586.7]); first-
degree relatives (402.9 mg/mL [204.7–4850.0; 329.6–492.4]);
and type 1 diabetic patients (385.3 mg/mL [99.3–1305.0;
328.3–473.0]) (Fig. 1A). Median VDBP serum levels were
significantly lower in patients with type 1 diabetes than in
control subjects (P = 0.003). Because of the lack of avail-
ability, serum VDBP levels were not measured for the
Georgia samples.

In finding that VDBP levels were significantly lower in the
presence of type 1 diabetes, we then questioned whether
the duration of disease influenced VDBP levels. Linear re-
gression analysis indicated that disease duration did not
associate with VDBP levels (Fig. 1B).

Serum VDBP levels associate with sex but not age or
serum 25-OH vitamin D levels. It previously has been
shown that sex influences VDBP levels (15). Therefore, we
performed a sex analysis with regard to VDBP levels to
identify any correlations within our study participants. The
472 study participants were distributed into two near-
identical sex-based cohorts of 238 female and 233 male
subjects. Serum VDBP levels were significantly higher in
female subjects (433.4 mg/mL [range 99.32–4850.0; inter-
quartile range 359.4–567.8]) versus male subjects (374.7
mg/mL [188.9–1602.0; 326.9–449.9]; P , 0.0001) (Fig. 1C).
Sex distribution between type 1 diabetic patients, relatives,
and control subjects was not significantly different (P =
NS), reducing the likelihood that group composition con-
tributed to the aforementioned association between type 1
diabetes and serum VDBP levels. We next sought to de-
termine whether age influenced serum levels of VDBP.
Linear regression analysis revealed that age did not asso-
ciate with VDBP levels in our entire study population (P =
0.164, r2 = 0.004) or as a function of sex (Supplementary
Fig. 1).

We previously noted that individuals with type 1 diabe-
tes had insufficient serum levels of 25-OH vitamin D, al-
though this finding was not specific for those with the
disease (5). To determine whether a correlation exists
between serum 25-OH vitamin D and VDBP levels, we ana-
lyzed VDBP levels on banked serum from a large subset
(n = 386) of the 25-OH vitamin D cohort. Of interest, we
found no association (P = 0.557, r2=0.001) between these
two analytes, irrespective of study group (152 control
subjects, 141 patients, and 93 relatives) (Fig. 2).
VDBP genotypes do not associate with type 1 diabetes.
The rs4588 and rs7041 VDBP genetic variants were analyzed
in the type 1 diabetic patients and control subjects whose
DNA had been banked at the Georgia Health Sciences
University for studies regarding the genetics of this disease
(16). Case and control subjects were found to be in Hardy-
Weinberg equilibrium for the two SNPs analyzed (Supple-
mentary Table 1). There were no significant differences in
the allele and genotype frequencies of the VDBP rs4588 and
rs7041 genetic variants among patients with type 1 diabetes
and control subjects (Table 1).

We next tested whether the association between these
SNPs is dependent upon other covariates, such as the sex
of the subjects, age of disease onset (i.e., early onset being
under 18 years of age), or HLA-DQB1 genotypes. No signif-
icant association was detected when patients were stratified
by sex or age of disease onset (Supplementary Table 2). A
heterogeneity test further showed no difference in ORs be-
tween male and female subjects or between early- and late-
onset subsets (Supplementary Table 3).

We then determined whether the high-risk HLA-DQB1
genotype was associated with the SNPs. All subjects were
classified into two subsets, a high-risk DQB1 genotype
subset (i.e., 0201/0201, 0302/0302, or 0201/0302) and a low-
risk DQB1 genotype subset (i.e., all others). There was no
significant association of the rs4588 and rs7041 SNPs in
either the low- or high-risk HLA-DQB1 subsets after cor-
recting for multiple testing (Supplementary Table 2). Be-
cause the P values for these tests are heavily influenced by
the smaller number of control subjects carrying the high-
risk HLA genotypes, we performed heterogeneity tests to
determine whether the ORs differed between the high- and
low-risk subsets. We found no significant difference be-
tween the ORs of the HLA-DQB1 risk subsets (Supple-
mentary Table 3).
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DISCUSSION

The major finding in our study adds further credence to the
concept that the vitamin D pathway may play a significant
role in the development of type 1 diabetes. Although pre-
vious studies have associated the rs4588 and rs7041 VDBP
SNPs with the disease (12,13), we were unable to support
that conclusion in this large-scale study. The potential rea-
sons for this discrepancy are many (e.g., heterogeneity in
study populations as a function of genetics and/or disease
phenotype, sample size, etc.) and have, over the years, been
a common occurrence in studies of type 1 diabetes genetics.
However, we were able to associate the phenotype of lower
VDBP levels with type 1 diabetes. Although the exact con-
sequence of this association remains unknown, the fact that
VDBP has immunomodulatory characteristics and is re-
sponsible for transport of vitamin D metabolites supports,
in theory, a model whereby the impact of reduced serum
levels may be significant enough to lend itself, directly or
indirectly, to the autoimmune destruction of pancreatic
b-cells in the disease. Our findings also suggest that other
means by which VDBP levels are influenced, beyond the
VDBP SNPs tested here, must exist and will certainly be
subject to future investigations.

A recently published study assessing VDBP levels in 100
healthy, middle-aged and older participants found that
women had higher mean VDBP levels than men, yet no

associations were observed between VDBP levels and age,
body weight, BMI, fat mass, or fat percentage (15). While
the aforementioned study measured VDBP levels among
individuals older than middle age, the majority of our
samples were derived from individuals much younger than
middle age; however, we were able to confirm sex differ-
ences in the younger study cohort.

Despite our having noted this interesting correlation,
additional studies are required to address its biological
significance. For example, it could be argued that that the
presence of reduced VDBP levels in the type 1 diabetic
study group may not have a biologically significant effect
on the transport of vitamin D metabolites (i.e., reduced
transport) because VDBP circulates at a much higher con-
centration than its ligands (17). Another consideration to
this point is the finding that even though VDBP levels were
reduced in those with type 1 diabetes (in comparison with
control subjects), unlike what was seen in our previous
studies of 25-OH vitamin D, the mean values were within
the normal range. In addition, as mentioned previously, in
a previous study, we found that 25-OH vitamin D levels did
not specifically associate with type 1 diabetes but were
low in similar proportion among those with and without
the disease (5). In the current investigation, we did not find
a significant correlation between those previously mea-
sured 25-OH vitamin D levels and serum VDBP in the same
patients. We interpret this to imply that lower VDBP levels

FIG. 1. Serum levels of VDBP. A: VDBP levels in control subjects (n = 153), first-degree relatives (n = 116), and type 1 diabetic patients (n = 203).
B: There is no association between VDBP levels and disease duration by linear regression analysis. C: Serum VDBP in male (n = 233) and female
(n = 238) subjects and the total of all study groups. Medians with interquartile ranges are shown.
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in type 1 diabetes are independent of 25-OH vitamin D, which
is one of its ligands.

Although our study is novel in its simultaneous assess-
ment of 25-OH vitamin D, VDBP, and genetic polymor-
phisms, we note a very recently published study in which
type 1 diabetic patients were noted to have exaggerated
urinary loss of VDBP (18). However, that study did not
find a significant difference in plasma VDBP levels, which
may, in part, be attributed to their smaller cohort size.
Although we did not measure urine levels of VDBP in
our study, it is possible that exaggerated VDBP urinary
loss may be a factor contributing to lower serum VDBP in
type 1 diabetic patients. This said, our study failed to ob-
serve a relationship between type 1 diabetes disease du-
ration and VDBP levels. Namely, if this were to be a factor
in type 1 diabetic patients who are prone to proteinuria (i.e.,
those with extended disease duration), one might have
anticipated reduced VDBP in those with extended disease
duration. However, a vast majority of our type 1 diabetic
subjects were of limited disease duration, and future efforts
addressing this issue would do well to examine a large
number of patients of extended disease duration, including
those with and without proteinuria, to adequately address
this concept. Other important notions for future efforts in-
clude assessments for the potential role of ethnicity, geog-
raphy, pregnancy, and use of oral contraceptives. Indeed,
this latter notion has been ascertained in a previous study
(19), albeit using a different method for assessment (i.e.,

single radial immunodiffusion), and was associated with
reduced VDBP levels. Our study did not find VDBP levels
to be associated with age in female subjects, including
the window of time when oral contraceptives would be a
presumed (i.e., potential) activity, but, as noted, future
efforts should examine this issue directly. Unfortunately,

TABLE 1
Association analysis of VDBP SNPs rs7041 (G.T) and rs4588
(C.A) with type 1 diabetes

SNP

Type 1
diabetic
patients

Control
subjects

OR
(95% CI) P

rs7041
Genotype
GG 441 (30.33) 579 (31.67) 1.00 (reference)
GT 723 (49.72) 884 (48.36) 1.07 (0.92–1.26) 0.3774
TT 290 (19.94) 365 (19.97) 1.04 (0.86–1.27) 0.6755
GT + TT 1,013 (69.67) 1,249 (68.33) 1.07 (0.92–1.24) 0.4086

rs4588
Genotype
CC 723 (50.45) 929 (51.58) 1.00 (reference)
CA 578 (40.33) 734 (40.76) 1.01 (0.87–1.17) 0.8745
AA 132 (9.21) 138 (7.66) 1.23 (0.95–1.59) 0.1163
CA + AA 710 (49.55) 872 (48.42) 1.05 (0.91–1.20) 0.5235

Data are n (%), unless otherwise indicated.

FIG. 2. Linear regression of serum 25-OH vitamin D levels and VDBP levels. There was no significant correlation between these two parameters in
the study cohort (n = 386).
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given our study design, study questionnaires reflecting con-
traception use and determining its contribution to our
studies were not possible on this occasion.

Overall, our findings warrant additional investigation
into the role of VDBP, as well as the contribution of other
vitamin D pathway components, in type 1 diabetes. The
various contributions of this pathway to innate immune
function are the topic of much discussion and may be
multifaceted, with each individual’s risk being the sum of
different pathways to disease, hence the reason for the
historical difficulty in describing a specific mechanism for
the involvement of vitamin D in the pathogenesis of type 1
diabetes.
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